For the first time, 2-methoxyethanol (C 3 H 8 O 2 ) was used for producing pure hydrogen in a catalytic membrane reactor (CMR) via steam reforming (SR). The SR experiments were performed at 923 K and 1-10 bar using a mixture of 2-methoxyethanol (MEX) and water at S/C ratio of 3. Moreover, SR experiments were performed under the same operating conditions using ethylene glycol (EG), methanol (MET), and a mixture of EG+MET, keeping a constant carbon molar flow rate into the CMR to study the reaction pathway through which 2-methoxyethanol is converted to SR products (CH 4 , CO, CO 2 , and H 2 ).
Introduction
As an alternative to fossil fuels, hydrogen is considered as a clean energy carrier that can be combusted similar to the conventional carbonaceous fuels or be converted efficiently to electricity by fuel cells [1] . In this regard, production of a hydrogen rich stream by steam reforming (SR) of hydrocarbons or oxygen containing organic compounds has been investigated vastly [2, 3] . Methane, methanol (MET), ethanol, acetic acid, and ethylene glycol (EG) are among the fuels most used as the source of hydrogen in steam reforming processes [2] [3] [4] [5] [6] [7] [8] [9] [10] . Apart from the prevalent fuels, the use of larger molecules such as dimethoxymethane (DMM) and trimethoxymethane (TMM) have attracted attention recently for production of hydrogen-rich gas via SR [11] [12] [13] or direct oxidation in low temperature fuel cells [13] [14] [15] . High hydrogen yield (steam-reformed easily), high H/C ratio, and absence of C-C bond are mentioned as the advantages of such molecules regarding the SR process [11, 12] .
Similarly, the experimental results for hydrogen production via SR of 2-methoxyethanol (methyl cellosolve, C 3 H 8 O 2 ) have been reported in a few works [13, 16] . 2-methoxyethanol (MEX) has a lower H/C ratio compared to ethanol (H/C=3) but equal to EG or DMM (H/C=2.6). The preliminary results of methoxyethanol steam reforming (MEX SR) experiments show high hydrogen yield (higher than methanol and ethanol steam reforming) and low carbon deposition at high temperature and high steam to carbon (S/C) ratio, i.e. in presence of excess water [13, 16] . MEX does not occur as a natural product, but it can be manufactured easily from methanol and ethylene oxide [17] . Methanol can be obtained by fermentation of biomass (bio-methanol) and ethylene oxide is synthesized via direct oxidation of ethylene. Renewable pathways for producing ethylene via conversion of biomass [18] , bio-ethanol [19] , and biological methods [20, 21] have been studied recently.
Therefore, there is a promising perspective of renewable production of MEX via conversion of biomass and natural resources.
Regarding pure hydrogen production, catalytic membrane reactors (CMRs), where the generation and separation of hydrogen take place simultaneously, are beneficial in terms of producing pure hydrogen (in the case of dense metallic membranes) and higher process efficiency [22, 23] . The shift effect that occurs in CMRs results in even higher hydrogen yields because the presence of a membrane selective to the hydrogen permits attaining very high conversion values in comparison with the traditional reactors operating under the same conditions [24] . In fact, CMRs represent a modern configuration in which an integrated reaction/separation unit has many potential advantages: reduced capital costs, improved yields and selectivity towards hydrogen and drastically reduced downstream separation costs [25, 26] . Among CMRs, palladium-based membrane reactors fulfill the requirements to obtain an ultra-pure hydrogen stream (full hydrogen perm-selectivity) suitable for low-temperature fuel cell feeding [9, 10, 27] . Palladium membranes are among the oldest membranes studied for gas permeation and separation applications and are still the membranes with the highest hydrogen permeability and selectivity [28] .
In this work, MEX was used for hydrogen production via catalytic steam reforming over RhPd/CeO 2 catalyst in a membrane reactor equipped with Pd-Ag dense metallic membranes, aiming to produce fuel cell-grade hydrogen. We investigated the catalytic reactivity and the performance of the CMR in terms of selectivity towards hydrogen and the production rate of pure hydrogen. Further, the reaction mechanism was studied and a reaction pathway for MEX SR was suggested. RhPd/CeO 2 was the catalyst selected due to its activity toward breakage of C-C bond, robustness, low coke formation, and high selectivity towards hydrogen [29] . To the best of our knowledge, this is the first time that MEX SR, EG SR, and the related reaction mechanisms are studied for pure hydrogen production in a membrane reactor.
Material and methods

Experimental setup
The RhPd/CeO 2 catalyst (0.5% Rh-0.5% Pd) was deposited over cordierite pellets of about 1-3 mm following the procedure described by López et al. [30] . The laboratory setup used for the SR experiments (fuel reformer) consisted essentially of a fuel tank, a liquid pump, a catalytic membrane reactor (CMR), a pressure transducer and a condenser. The scheme of the experimental setup and the CMR is presented in Fig. 1 . The gas hourly space velocity (GHSV) was calculated as the ratio between the volumetric gas flowrate of the reactants (MEX/EG/MET+H 2 O) with respect to the reactor volume. 
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Data analysis
Apart from the pure hydrogen production rate, hydrogen yield (Y H 2 ) and hydrogen recovery (R H 2 ) were calculated based on the experimental results to evaluate the performance of the CMR. 
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Where F H2. perm , F MEX , and F H2. total are pure hydrogen permeation rate, MEX inlet flow rate, and total hydrogen production rate, respectively, in mol/s. Total hydrogen production included the permeated hydrogen and the hydrogen content of the retentate gas.
The SR of MEX is assumed to start with the hydrolysis of the molecule, which results in the production of MET and EG:
Followed by the steam reforming of MET and EG presented in reactions 4 and 5, respectively:
Therefore, eight moles of hydrogen are produced theoretically per converted mole of MEX at complete conversion of MEX:
The suggested mechanism was studied in the CMR by performing SR experiments using EG (Scharlau, 99.5%) and MET (Labkem, 99.8%) separately and a mixture of MET and EG under the same experimental conditions as those presented in Table 1 , keeping the molar flow rate of inlet carbon (MEX, EG+MET, EG, or MET) around 1.2×10 -3 mol/min.
Results and discussion
Methoxyethanol steam reforming
No carbon-containing compounds including unconverted MEX, EG, and MET were detected in the retentate. The analysis of the condensate showed less than 0.5% of carbon-containing compounds. Therefore, it is assumed that all the intermediates are converted to CO, CH 4 , CO 2 , and H 2 followed by methane steam reforming (MSR) and water gas shift (WGS) reactions (eq. 7 and 8, respectively).
CO + H 2 O ⇆ H 2 + CO 2 (8)
2-methoxyethanol SR experiments without H 2 permeation
Prior to the permeation tests, the performance of the CMR was studied at 1-10 bar maintaining the outlet valve of the permeate side of the CMR closed (no hydrogen permeation). As shown in Fig.2 , the production rates of H 2 and CO 2 decline with pressure in accordance to the Le Chatelier's Principle. In the case of methane, the production rate increases until P=6 bar, which is ascribed to the reverse MSR (methanation, eq. 7). At P>6 bar the production rate of methane decreases, which is due to carbon deposition as expected at high pressures. According to the mechanisms suggested by Wang et al.
[8], carbon can be formed at the expense of methane at high pressure:
Carbon balance over the inlet and outlet of the reactor, as presented in Table 2 , proves the deposition of carbon in the CMR as carbon recovery (ratio between molar flow rate of outlet to inlet carbon) declines with pressure in the gas phase (no carbon-containing compounds in the condensate phase). The production rate of CO is remarkably lower than the other gaseous products, which proves the reactivity of the catalyst for the WGS reaction.
MEX SR experiments with open membrane (H 2 permeation)
As stated by the Sieverts' law, the hydrogen permeation rate through dense metallic membranes is a temperature activated phenomena driven by the difference between the partial pressure of hydrogen at the two sides of the membrane, that is, the retentate side (inside the reactor, around the membrane) and the permeate side (right after the membrane) [30, 31] . In the MEX SR experiments carried out in the CMR with the operative membrane, complete MEX conversion is maintained and up to four moles of pure hydrogen are produced per mole of MEX. This is remarkable enhancement of hydrogen production with respect to the experiments performed without membrane. As shown in Fig.3 , less methane appears in the retentate stream in the CMR operated with the membrane, which is attributed to the promoted MSR reaction as an evident result of the shift effect introduced by the membrane. The reactions are pushed towards the product side (higher conversion to hydrogen and carbon dioxide) as a result of hydrogen permeation through the Pd-Ag membrane [32] . The carbon recovery at 6, 8, and 10 bar are 89 and 84, and 64%, respectively. Compared to open. This can be attributed to eq. 9 considering the effect of the membrane to remove hydrogen in the reactor. Thus, the decreasing trend of methane in the retentate with pressure can be due to two phenomena, i.e. MSR reaction towards more hydrogen production, and decomposition of methane to form carbon. Pressure has a negative effect also on the CO 2 production rate, which may be equally due to carbon deposition.
Hydrogen yield is a well-known indicator of the performance of fuel reformers. According to eq. 1, hydrogen yield can ideally reach up to one if 8 moles of pure hydrogen are obtained and permeated through the membrane per 1 mole of inlet MEX . On the other hand, hydrogen recovery is a measure of the ability of the CMR to produce pure hydrogen. This refers essentially to the membrane performance and obviously high values are required due to the high cost of the Pd-Ag membranes. The hydrogen yield and recovery as a function of pressure are presented in Table 3 . Following the trend of the pure hydrogen production rate (Fig.3) , hydrogen yield and recovery increase with pressure. In the case of hydrogen recovery, the increase of the values with pressure show the ability of the CMR to recover more hydrogen at higher pressures as the hydrogen permeates through the membrane according to the Sieverts' law. Thanks to the brilliant catalytic reactivity and membrane performance, as more hydrogen is permeated, more CH 4 and CO are converted. Consequently, a hydrogenproducing loop is formed where the equilibrium limitations of MSR and WGS reactions are conquered due to the shift effect introduced by the membrane and higher efficiency of the CMR is reached.
Ethylene glycol and methanol steam reforming
SR experiments of ethylene glycol (EG), methanol (MET), and their mixture (EG+MET)
were performed at the same S/C ratio as MEX SR reaction tests. The production rate of hydrogen per mole of carbon in the inlet for the different fuels obtained in the CMR without membrane is given in Fig. 4 . As discussed before for the MEX SR experiments, the decreasing hydrogen production rates at increasing pressure in the four different cases is due to equilibrium limitations.
The higher production rates of hydrogen in the case of MET SR are attributed to the absence of C-C bonds.
As presented in Table 4 
Where F EG and F MET are the inlet flow rates of ethylene glycol and methanol, respectively. Interestingly, the hydrogen yield is significantly higher in the EG+MET SR experiments with respect to those carried out separately with EG and MET under the same operating conditions, which indicates that there is a cooperative effect between these two molecules during the SR process over the RhPd/CeO 2 catalyst. The study of the reason of this cooperative effect and the exact reaction steps of the mechanism of the SR process is beyond the scope of this work.
The mixture of EG+MET yields more hydrogen at high pressure (P>6 bar) compared to MEX (Tables 3 and 4 ). This is in accordance to the fact that, prior to SR, MEX needs to be hydrolyzed to a mixture of EG and MET, which subsequently reform into the gaseous products (eq. [3] [4] [5] . In other words, in the experiments carried out with EG+MET the SR is direct, whereas in the experiments performed with MEX it is necessary a previous step to hydrolyze MEX. The production rates of the EG+MET SR gases are presented in Fig. 5 . (Fig.3) in terms of the production rate of pure hydrogen. Secondly, although less methane is generated in the case of steam reforming of EG+MET, low molar rate of carbon dioxide compared to Fig.3 denotes a hidden reaction pathway probably leading to coke formation (see also Fig.6 ). As presented by eq.9, Wang et al. [8] suggested that methane decomposition or Boudouard reaction may result in coke formation in the EG steam reforming environment. Moreover, short residence times and low S/C ratio may promote coke formation [33, 34] . It is interesting to note that the ratio between the molar flow rate of inlet hydrogen (by fuel and water, denoted as H 2 in ) and inlet carbon (by fuel, denoted as C in ) is higher in the case of EG SR compared to MEX SR experiments (Table 5) , so the higher availability of hydrogen atoms at the surface of the catalyst during EG SR does not result in lower coke formation. One may speculate that the facility for oxometallacycle formation between the EG molecule and the metal nanoparticles in the catalyst when EG is directly used results in a strongly bonded intermediate which is responsible for carbon deposition, whereas the hydrolysis of MEX into EG+MET over the catalyst results in more reactive intermediates towards SR. In the case of the steam reforming (SR) of a mixture of ethylene glycol and methanol (EG+MET), hydrogen yield increased up to 0.63 because the first step of the 2-Methoxyethanol SR process, which is the hydrolysis into EG+MET, was not necessary.
The production rates of SR products (CH 4 , CO, CO 2 , and H 2 ) and carbon recovery showed that the SR of EG was strongly promoted by methanol.
